During development of the nervous system, short-and long-range signals cooperate to promote axonal growth, guidance, and target innervation. Particularly, a short-range signal transducer, the neural cell adhesion molecule (NCAM), stimulates neurite outgrowth via mechanisms that require posttranslational modification of NCAM and signaling via receptors to a long-range messenger, the fibroblast growth factor (FGF). In the present study we further characterized a mechanism which regulates the functional interplay between NCAM and FGF receptor(s). We show that activation of FGF receptor(s) by FGF2 leads to palmitoylation of the two major transmembrane NCAM isoforms, NCAM140 and NCAM180, translocation of NCAM to GM1 ganglioside-containing lipid rafts, and stimulation of neurite outgrowth of hippocampal neurons. Ablation of NCAM, mutation of NCAM140 or NCAM180 palmitoylation sites, or pharmacological suppression of NCAM signaling inhibited FGF2-stimulated neurite outgrowth. Of the 23 members of the aspartate-histidine-histidinecysteine (DHHC) domain containing proteins, DHHC-7 most strongly stimulated palmitoylation of NCAM, and enzyme activity was enhanced by FGF2. Thus, our study uncovers a molecular mechanism by which a growth factor regulates neuronal morphogenesis via activation of palmitoylation, which in turn modifies subcellular location and thus signaling via an adhesion molecule.
Introduction
Protein S-palmitoylation via a thioester linkage of 16-carbon fatty acid to a cysteine residue modulates diverse aspects of neuronal development and synaptic transmission. In particular, palmitoylation regulates the function of proteins that control neuronal differentiation, neurite outgrowth, axonal pathfinding, filopodia formation, and synaptic vesicle release (Huang and ElHusseini, 2005; Linder and Deschenes, 2007) . Palmitoylation of scaffold molecules and signaling receptors targets proteins to special cholesterol-and sphingolipid-rich membrane microdomains, generally termed as lipid rafts, regulates ion channel clustering and modifies synaptic strength (Huang and El-Husseini, 2005; Linder and Deschenes, 2007) . Regulation of palmitoylation occurs through the actions of protein acyltransferases and protein acylthioesterases (Smotrys and Linder, 2004) .
Among transmembrane neural cell adhesion molecules, neural cell adhesion molecule (NCAM) is particular in that its intracellular domain lacks the characteristic cluster of basic residues proximal to the inner membrane but contains four closely spaced, juxta-membrane cysteines. Mutagenesis studies have indicated that the cysteine residue closest to the transmembrane domain is not acylated with either palmitate or oleate, whereas the other three cysteines are acylated to differing extents and form a segment tethered to the plasma membrane (Little et al., 1998) . Mutation of the cysteine residues does not affect homophilic interaction between NCAM molecules (Little et al., 1998) . How-ever, blocking NCAM palmitoylation abolishes targeting of NCAM to lipid rafts, inhibits NCAM signaling in lipid rafts via the focal adhesion kinase (FAK), and reduces NCAM-mediated neurite outgrowth (Niethammer et al., 2002) . Activation of FAK by NCAM in lipid rafts is mediated by the fyn kinase that associates with the intracellular domain of the receptor-like protein tyrosine phosphatase RPTP␣, forming a complex with the cytoskeletal protein spectrin and NCAM (Bodrikov et al., 2005) . Outside of lipid rafts, a direct interaction between the extracellular domain of NCAM and the fibroblast growth factor (FGF) receptor is required for NCAM-stimulated neurite outgrowth and activation of protein kinase C (PKC) (Williams et al., 1994; Saffell et al., 1997; Kolkova et al., 2000; Cavallaro et al., 2001; Anderson et al., 2005) . Activation of the FGF receptor contributes to neuronal migration, neurite outgrowth, and axonal pathfinding (Ford-Perriss et al., 2001; Gill and Tsai, 2006 ) by a signaling cascade that involves activation of phospholipase C␥ (Williams et al., 1994) .
In view of the functional interplay between NCAM and the FGF receptor and the importance of palmitoylation of NCAM for neurite outgrowth, we investigated whether FGF-mediated signaling influences palmitoylation of NCAM and whether palmitoylation of NCAM is required for FGF-stimulated outgrowth of hippocampal neurons. Furthermore, we identified an enzyme that palmitoylates NCAM in an FGF-dependent manner and stimulates neurite outgrowth.
Materials and Methods
Materials. [9, 
H(N)]Palmitic acid (30 -60 Ci/mmol), [ 35 S]GTP␥S (1300 Ci/mmol), and [
35 S]methionine/cysteine label (Ͼ1000 Ci/mmol) were purchased from Hartmann Analytic (Braunschweig). Ace-glow Western Blotting Analysis System was from Peqlab, and peroxidaseconjugated secondary antibodies were purchased from GE Healthcare. Protein A-Sepharose CL-4B beads were from Sigma-Aldrich. Lipofectamine 2000 reagent was purchased from Invitrogen. Cell culture dishes were ordered from Nunc.
Rat NCAM140 and NCAM180 in the pcDNA3 vector were a kind gift from Patricia Maness (University of North Carolina, Raleigh, NC). The plasmid coding for enhanced green fluorescent protein (EGFP) was from Clontech. Plasmids for expression of aspartate-histidine-histidinecysteine (DHHC) proteins are described previously (Fukata et al., 2004) . The NCAM140⌬ and NCAM180⌬ constructs, in which the four cysteine residues located in the intracellular domain adjacent to transmembrane domain were replaced by serines, were described previously (Niethammer et al., 2002) . The production, purification, and validation of neurite outgrowth promoting activity of NCAM-Fc are described in the same study.
The following reagents were used: FGF2 (human basic FGF; SigmaAldrich), FGF receptor inhibitor PD173074 (50 nM; Parke-Davis), PKC inhibitor peptide 20 -28 (50 M; Merck), and Src kinase family inhibitor PP2 (50 nM; Merck).
Metabolic labeling, immunoprecipitation, and immunoblotting. Neuroblastoma N2A cells were grown in DMEM containing 10% fetal calf serum (FCS) and 1% penicillin/streptomycin at 37°C under 5% CO 2 . For transient transfection, cells were seeded at low density (8 ϫ 10 5 ) in 35 mm dishes and transfected with appropriate vectors using Lipofectamine 2000 reagent according to the manufacturer's instruction. Six hours after transfection, cells were serum starved for 16 h. Cells were then labeled with [
35 S]methionine/cysteine (50 Ci/ml, Ͼ1000) or [ 3 H]palmitate (300 Ci/ml, 30 -60 Ci/mmol) as indicated. In some experiments, FGF2 (dissolved in H 2 O), vehicle (H 2 O), or PD173074 was added as indicated. After labeling, cells were washed once with ice-cold PBS (140 mM NaCl, 3 mM KCl, 2 mM KH 2 PO 4 , 6 mM Na 2 HPO 4 , pH 7.4) and lysed in 600 l of ice-cold RIPA buffer (0.15 mM NaCl, 20 mM Tris-HCl, 10 mM EDTA, pH 7.4) containing 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride, and 10 mM iodoacetamide. For pulse-chase experiments, N2A cells transfected with NCAM140 and NCAM180 were labeled with [ 3 H]palmitate for 1 h and then chased with medium containing unlabeled palmitate for the indicated time periods. Insoluble material was pelleted (5 min, 20,000 ϫ g), and anti-NCAM antibodies (Niethammer et al., 2002) were added to the resulting supernatant at a dilution of 1:100. After overnight agitation at 4°C, 30 l of Protein A-Sepharose CL-4B was added, and samples were incubated under gentle agitation for 2 h. After brief centrifugation, the pellet was washed twice with ice-cold RIPA buffer, and the immune complexes were released from the beads by incubation for 3 min at 100°C in nonreducing electrophoresis sample buffer (62.5 mM Tris-HCl, pH 6.8, containing 20% glycerol, 6% SDS, and 0.002% bromophenol blue). Radiolabeled polypeptides were analyzed by SDS-PAGE on 10% acrylamide gels under nonreducing conditions and visualized by fluorography using Kodak X-Omat AR films. Densitometric analysis of fluorograms was performed by Gel-Pro Analyser Version 3.1 Software (Media Cybernetics), and the unpaired two-tailed t test was used for statistical evaluation of data.
For immunoblotting, intact or transiently transfected N2A cells expressing NCAM140, NCAM180, or DHHC-7 were harvested in ice-cold extraction buffer (10 mM Tris/HCl, pH 7.4, 1 mM EDTA, 150 mM NaCl, 1 mM DTT, 20 M leupeptin, 2 g/ml aprotinin) and separated by 10% SDS-PAGE under nonreducing conditions. Proteins were transferred to Hybond nitrocellulose membrane (GE Healthcare) and probed with antibodies raised against NCAM (1:600 diluted in PBS/Tween 20). Proteins were detected using the Ace-glow chemiluminescence detection reagents (Peqlab) and Chemi-Smart5000 detection system (Vilber Lourmat) and analyzed by Bio1D software (Vilber Lourmat).
Hydroxylamine and ␤-mercaptoethanol treatment. Polyacrylamide gels containing NCAM140 labeled with [ 3 H]palmitate were fixed (10% acetic acid, 10% methanol) and treated overnight under gentle agitation with 1 M hydroxylamine (pH 7.5) or with 1 M Tris (pH 7.5). Gels were washed in water and agitated for 30 min in dimethylsulfoxide (DMSO) before they were processed for fluorography. For the ␤-mercaptoethanol treatment, N2A cells transfected with NCAM140 were labeled with [ 3 H]palmitate, and NCAM140 was immunoprecipitated as described above. Immunoprecipitates were treated with the indicated concentrations of ␤-mercaptoethanol for 30 min at 37°C and subjected to SDS-PAGE and fluorography.
Fatty acid analysis.
[ 3 H]Palmitate-labeled NCAM140 or NCAM180 was immunoprecipitated from transfected N2A cells with anti-NCAM antibody and subjected to SDS-PAGE. The bands corresponding to NCAM140 and NCAM180 were excised, and fatty acids were cleaved by treatment of the dried gel slices with 6N HCl for 16 h at 110°C. Fatty acids were extracted with hexane and separated into individual fatty acid species by thin-layer chromatography on RP-18 TLC plates (Merck) using acetonitrile/acetic acid (1:1, v/v) as solvent. Radiolabeled fatty acids were visualized by fluorography. were preincubated for 30 min in serum-free DMEM with fatty acid-free bovine serum albumin (5 mg/ml; Sigma-Aldrich). Cells were then labeled with 0.25 mCi/ml [ 3 H]palmitate (PerkinElmer) for 4 h in the preincubation medium. Cells were washed with PBS, removed by scraping in SDS-PAGE sample buffer (62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, and 0.001% bromophenol blue) and 10 mM DTT and boiled for 2 min. For fluorography, protein samples were separated by SDS-PAGE under reducing conditions. Gels were treated with Amplify (Amersham) for 30 min, dried under vacuum, and exposed on film (Kodak Biomax MS) at Ϫ80°C. Expression of NCAM140 was confirmed by immunoblotting with NCAM antibodies (Niethammer et al., 2002) . After initial screening of 23 DHHC proteins, three candidate DHHCs , showing the highest levels of NCAM140 palmitoylation, were further tested for their ability to stimulate palmitoylation of NCAM in HEK293 and N2A cells. Cells were transfected with one of these DHHCs, labeled with [ 3 H]palmitate (300 Ci/ ml, 30 -60 Ci/mmol) for 2 h, and then subjected to palmitoylation analysis as described above. Densitometric analysis of final fluorograms was performed by Gel-Pro Analyzer software version 3.1 (Media Cybernetics), and unpaired two-tailed t test was used for statistical evaluation of data.
Preparation and transfection of hippocampal neurons. Cultures of hippocampal neurons were prepared from 1-to 2-d-old C57BL/6J mice (Dityatev et al., 2000) . Cells were dissociated by trypsin treatment and plated in Neurobasal-A medium supplemented with 5 g/ml gentamycin and 0.5 mM L-glutamine (all from Invitrogen) in 96-well plates (Falcon 353072; BD Labware) coated with 100 g/ml poly-L-lysine (SigmaAldrich). In some experiments, cells were transiently transfected by electroporation before plating using a nucleofection kit for mouse neurons for Nucleofector I (Amaxa) (Dityateva et al., 2003) . All cells were cotransfected with the genes of interest (0.5 or 1 g of DNA per 10 6 cells in 60 l of transfection solution) and EGFP expression vector (0.75 g of DNA) (Dityateva et al., 2003) . Four hours after plating, one-half of the medium was replaced with fresh medium. Cultures were maintained at 37°C in a humidified incubator gassed with 5% CO 2 .
Determination of neurite length. Chemicals were added to hippocampal cultures 4 h after cell plating. Twenty four hours after plating, cells were briefly washed with PBS and fixed with 4% formaldehyde in PBS. Nontransfected cultures were stained with Toluidine blue and the inverted microscope Axiovert 135 and Kontron imaging system were used for image acquisition of stained cells and operator-controlled tracing of neurites. For analysis of transfected neurons, EGFP-positive cells were visualized and traced using the laser scanning confocal microscope LSM510 based imaging system (Zeiss) (Dityateva et al., 2003; Kvachnina et al., 2005) . The longest neurite per neuron was measured. Statistical evaluation was performed using the unpaired two-tailed t test.
Fluorescence lifetime imaging-based analysis of Förster resonance energy transfer for determination of NCAM levels in lipid rafts.
Hippocampal neurons were grown on poly-L-lysine coated glass coverslips for 23 h and then stimulated with 50 ng/ml FGF2 for 1 h or left untreated. Cells were fixed with 4% formaldehyde in PBS for 30 min at room temperature, extensively washed with PBS, and quenched with 50 mM glycine in PBS. The GM1 ganglioside, used here as a lipid raft marker, was visualized by a 1 h incubation at room temperature with nonsaturating concentration (1 g/ml) of Alexa594-conjugated cholera toxin subunit ␤ (Molecular Probes, Invitrogen). All NCAM isoforms were labeled with polyclonal NCAM antibodies (Niethammer et al., 2002) and visualized using Alexa488-conjugated anti-rabbit secondary antibody (Molecular Probes, Invitrogen). Antibodies were incubated for 1 h at room temperature in PBS supplemented with 1% BSA and 0.1% Cold Water Fish Gelatin (Sigma-Aldrich) before mounting on glass slides with Mowiol (Polysciences Inc.).
Fluorescence lifetime () images of the donor fluorochrome (Alexa488) were obtained using a previously described frequency-domain wide-field fluorescence lifetime imaging microscope (Esposito et al., 2005) . Histograms of the distribution in each image were normalized to the total number of analyzed pixels in the image to obtain cell sizeindependent probability density functions (PDF). Lifetime distributions were converted to Förster resonance energy transfer (FRET) efficiencies using standard formula E ϭ 1 Ϫ / 0 , where 0 is the mean lifetime of the donor ( 0, 2.039 Ϯ 0.035 ns) obtained from a Gaussian fit of the PDF of the cells stained for NCAM but not for GM1 (donor-only cells) using Origin software (Origin Lab Corp.). FRET images were represented in false color ranging from blue (0%) to red (20% FRET). The same fit also provides the threshold value for the occurrence of FRET, defined as three times the SE (3). The PDFs of untreated and FGF2-stimulated cells (stained for both NCAM and GM1) were used to determine the probability of exceeding the 3 threshold (pFRET, i.e., the integral of the PDF above 3) (Esposito et al., 2007) . These values were represented in the bar graph and statistically compared using the Student's t test. FRET probabilities were measured in somatic and neuritic compartments using separate binary masks that were created from the fluorescence intensity image of the Alexa488 channel. These masks were applied to the average images using ImageJ software (http://rsb.info.nih.gov/ij/) before data analysis.
Results

Palmitoylation of NCAM isoforms
Acylation of NCAM140 and NCAM180 was studied in neuroblastoma N2A cells, which express both NCAM isoforms. Cells were metabolically labeled with [ 3 H]palmitate followed by immunoprecipitation with polyclonal antibodies against mouse NCAM. The resulting fluorogram ( Fig. 1 A, right) demonstrates that the labeled proteins comigrate with NCAM140 and NCAM180 as detected by immunoblotting (Fig. 1 A, left) and that both NCAM isoforms incorporate [ 3 H]palmitate. Next, we analyzed the fatty acid bond to the NCAM isoforms to distinguish between amide-and ester-type linkages. In contrast to stable amide bond linkages, thioester and hydroxyester linkages are sensitive to ␤-mercaptoethanol. Moreover, thioester bonds can be distinguished from the hydroxyester bonds by their sensitivity to hydroxylamine (Ponimaskin et al., 2001) . Because the expression levels of NCAM140 and particularly NCAM180 in N2A cells are low, detection and analysis of acylated proteins needed very long exposure times (4 -6 weeks). We therefore increased the expression levels of NCAM140 and NCAM180 by transient transfection. In N2A cells transfected with NCAM140, incorporation of [ 3 H]palmitate was sensitive to increasing concentrations of ␤-mercaptoethanol (Fig. 1 B) . Also, treatment of [ 3 H]palmitate-labeled NCAM140 with neutral hydroxylamine removed the label (Fig. 1C ). Sensitivity to neutral hydroxylamine and to the reducing agent indicates that the isotope labeled fatty acid is linked to NCAM140 via a thioester bond. Similar results were obtained for N2A cells transfected with NCAM180 (data not shown). Fatty acid analysis of [ 3 H]palmitate labeled NCAM140 and NCAM180 showed that NCAM140 contains predominantly palmitic acid, with traces (Ͻ3%) of myristic and stearic acids (Fig. 1 D) . Similar results were obtained for the NCAM180 (data not shown).
Stimulation of the FGF receptor increases palmitoylation of NCAM140 and NCAM180
We studied the time course of incorporation of [ 3 H]palmitate in N2A cells transiently transfected with either NCAM140 or NCAM180 in the absence or presence of FGF2. Incorporation of radiolabel increased steadily during the labeling period in the absence of FGF2 (Fig. 2 A) . In the presence of FGF2, we observed a significant increase in palmitate labeling of NCAM140 (Fig.  2 A) . The change in radioactive NCAM140 labeling upon FGF2 stimulation was not due to general metabolic effects, because the [ 35 S]methionine/cysteine ratio in the total protein amount was not increased by FGF2 treatment (Fig. 2 B) . Note that the amount of NCAM140 was even slightly reduced by FGF2 treatment (Fig.  2 B) . The absolute increase in the rate of palmitate incorporation was then calculated by densitometry of [ 3 H]palmitate fluorograms in relation to the expression level of the NCAM140 as assessed by [
35 S]methionine/cysteine labeling. Application of FGF2 to N2A cells transfected with NCAM140 significantly increased palmitoylation of NCAM140 (Fig. 2C) . Neither epidermal growth factor (EGF) nor NGF nor NCAM-Fc increased NCAM140 palmitoylation (data not shown). A similar FGF2 effect was obtained when N2A cells were transiently transfected with NCAM180 (Fig. 2 D) . We also found that FGF2 elevates the levels of palmitoylation of endogenous NCAM140 and NCAM180 in N2A cells (Fig. 3) . These effects of FGF2 were inhibited by an antagonist of FGF receptors, PD173074 (Figs. 2, 3) . The effects of FGF2 on palmitoylation of NCAM140 and NCAM180 were also abolished by the protein synthesis inhibitor cycloheximide (Fig. 4 A) , suggesting that protein synthesis is required for regulated palmitoylation of NCAM by FGF2.
Because palmitoylation is a reversible process, the detected increase in palmitoylation of NCAM140 and NCAM180 can be either due to an increase in palmitoylation or reduction in depalmitoylation of these molecules. To distinguish between these two possibilities, we performed a series of pulse-chase experiments. These experiments revealed a very low rate of NCAM depalmitoylation in 60 min after a pulse of [ 3 H]palmitate given in absence of FGF2 (Fig. 4 B) . Also in the presence of FGF2, we did not observe any significant depalmitoylation (Fig. 4C) . Thus, we conclude that the observed FGF2-induced increase in NCAM palmitoylation is due to regulation of palmitoylation rather than depalmitoylation. The low depalmitoylation rate of NCAM is reminiscent of that found by Kang and coworkers for synaptotagmin I and SNAP-25 .
FGF2 stimulation increases the association of NCAM with lipid rafts
To investigate whether FGF2-induced palmitoylation affects the lipid raft association of NCAM, we applied fluorescence lifetime imaging (FLIM)-based FRET microscopy (Esposito et al., 2005) . The FLIM-FRET technique provides a sensitive quantitative measure for protein-protein associations. Our analysis showed that at basal state, i.e., without FGF2, only a small fraction (4%) of fluorescently labeled NCAM molecules associated with GM1- positive lipid rafts (Fig. 5A ). This fraction in neuronal somata and neurites (Fig. 5B) is close to the levels of NCAM detected in biochemically prepared lipid raft fractions (Niethammer et al., 2002) . After a 1 h FGF2 stimulation, the amount of lipid raft-associated NCAM increased by twofold in the somata and by threefold in neurites (Fig. 5B) . Prolonged FGF2-stimulation (20 h) did not increase the lipid raft association of NCAM further (data not shown).
FGF2-stimulated neurite outgrowth is NCAM dependent
We next asked whether FGF2-stimulated NCAM palmitoylation and translocation to lipid rafts may regulate neurite outgrowth. First, we investigated whether FGF2-stimulated neurite outgrowth requires NCAM by comparing longest neurite lengths of wild-type and NCAMdeficient hippocampal neurons. FGF2 stimulated neurite outgrowth of wild-type neurons maintained on a poly-L-lysine substrate for 20 h in the presence of FGF2, as compared with untreated wild-type neurons (Fig. 6 A) . The FGF2-induced effects on outgrowth were blocked by the FGF receptor antagonist PD173074. In contrast, FGF2 was ineffective when applied to NCAM-deficient neurons. Thus, not only does NCAM-stimulated outgrowth require signaling via the FGF receptor (Saffell et al., 1997; Niethammer et al., 2002) , but also FGF receptor signaling activity depends on expression of NCAM. There was no difference in outgrowth of NCAM deficient and wild-type neurons in the presence of NGF or EGF (data not shown).
For NCAM-dependent neurite outgrowth, i.e., on an NCAM substrate, the NCAM140 isoform, but not NCAM180, is necessary and sufficient (Niethammer et al., 2002) . Here, we investigated the importance of NCAM140 and NCAM180 for Figure 5 . FGF2 stimulates the translocation of NCAM into GM1-enriched lipid rafts. A, Untreated (control) and FGF2-treated cultures of hippocampal neurons were labeled using polyclonal anti-NCAM antibodies (NCAM-Alexa488; FRET donor) and for GM1-containing lipid rafts using cholera toxin subunit ␤ (CT␤-Alexa594; FRET acceptor). The FRET efficiencies, indicative of copartitioning in the same lipid microdomain, are shown in false color ranging from blue (0%) to red (20% FRET) in the far right images in each row. Images on the left from the FRET images show a colocalization of NCAM and GM1. The second and third rows 4 in both sets of images show the soma and the growth cone at a high resolution, the positions of which are outlined in the first row by solid and dashed lines, respectively. Notice the increase in deep red FRET signal in the FGF2-treated neuron. B, Statistical evaluation of the copartitioning of fluorescently labeled NCAM with CT␤ positive lipid rafts in cell bodies and neurites. Bars show means ϩ SEM (10 cells in each group) of the occurrence of FRET (probability of obtaining FRET values that exceed the background, pFRET, see Materials and Methods). Application of FGF2 for 1 h induces a threefold increase in lipid raft-associated NCAM in neurites (***p Ͻ 0.001, t test) and a twofold increase (**p Ͻ 0.01, t test) in the cell somata. The increase in neurites was significantly higher than in somata ( ϩϩ p Ͻ 0.01, t test).
FGF2-stimulated outgrowth. Expression of either NCAM isoform alone was insufficient to support FGF2-stimulated outgrowth, i.e., there was no difference between FGF2-stimulated and untreated neurons and between NCAM-transfected and mock-transfected control neurons (Fig. 6 B) . Coexpression of NCAM140 and NCAM180 resulted in longer neurites in the presence of FGF2 than in the absence of FGF2 or in mock-transfected neurons. The total amount of NCAM180 plus NCAM140 plasmids used for transfections matched that used in transfections with single plasmids. These data suggest a synergistic interaction of the two major transmembrane NCAM isoforms in response to FGF2 stimulation. Our aforementioned experiments demonstrated that both NCAM140 and NCAM180 may be palmitoylated in response to FGF2 stimulation. Both isoforms may translocate and signal in lipid rafts (Niethammer et al., 2002) . Therefore, we studied whether palmitoylation of one or both isoforms is necessary to support FGF2 activity. Expression of mutated NCAM140⌬ and NCAM180⌬, lacking four cysteine residues, did not lead to an increase of neurite length by FGF2 (Fig. 6C) . Also coexpression of a mutated plus a wild-type form, i.e., NCAM140⌬ plus NCAM180 or NCAM140 plus NCAM180⌬, was not sufficient to restore activity of FGF2. Thus, both NCAM isoforms must be palmitoylated to mediate the action of FGF2.
Previous studies revealed that NCAM promotes neurite outgrowth via the nonreceptor fyn tyrosine kinase and PKC, both signaling via lipid rafts (Beggs et al., 1997; Kolkova et al., 2000; Niethammer et al., 2002) . Neurite length in the presence of FGF2 was strongly reduced by inhibitors of fyn and PKC (Fig. 6 D) , supporting the view that signaling via these NCAM associated molecules is necessary for FGF2-stimulated neurite outgrowth.
Identification of enzymes involved in palmitoylation of NCAM
Twenty-three mouse genes encoding proteins containing a "DHHC" (aspartatehistidine-histidine-cysteine) motif function as palmitoyl transferases (Fukata et al., 2004) . Here, we individually cotransfected these DHHC proteins with NCAM140 into HEK293 cells and assessed palmitoylation of NCAM140 by metabolic labeling with [ 3 H]palmitate. In 23 measurements of NCAM palmitoylation in cells transfected with 23 different DHHCs, we detected only three DHHCs (DHHC-3, DHHC-7, and DHHC-8) with significantly increased palmitoylation (Fig. 7A) . The highest activity was seen for DHHC-7, which enhanced NCAM140 palmitoylation nearly seven times over baseline values (Fig. 7A ). An approximately fourfold enhanced NCAM140 palmitoylation was also seen with DHHC-3, the closest homolog of DHHC-7 and DHHC-8. To further verify which of these molecules are involved in palmitoylation of NCAM, we performed three experiments with each of DHHC-3, DHHC-7, and DHHC-8, and DHHC-1 as a negative control, in both HEK293 (Fig. 7B) and neuroblastoma N2A cells (Fig. 7C ). This analysis revealed that DHHC-3 and DHHC-7, but not DHHC-8, stimulated palmitoylation of NCAM140 in both HEK293 and N2A cells. Additionally, we examined the effect of DHHC-7 on the NCAM140⌬ (Fig. 7B ) and thus verified that the detected palmitoylation signal indeed represents palmitoylation of NCAM140. Interestingly, there were two bands after [ 3 H]palmitate labeling of NCAM140 in HEK293 and N2A cells (Fig. 7 B, C) . The reason for the minor, more quickly migrating band is unknown. In fact, the appearance of this band was usually increased when there was strong palmitoylation of NCAM. Thus, the presence of this band may reflect changes in conformation of NCAM due to palmitoylation or other posttranslational modifications.
In additional series of experiments, we compared palmitoylation of endogenous NCAM isoforms in response to FGF2 stim- Figure 6 . FGF2-stimulated neurite outgrowth requires palmitoylation of NCAM140 and NCAM180 and signaling via fyn kinase and protein kinase C. A, The lengths of longest neurites were measured for hippocampal neurons from wild-type (NCAM ϩ/ϩ ) or NCAM deficient (NCAM Ϫ/Ϫ ) mice, maintained in the absence or presence of 12.5 ng/ml FGF2, or in the presence of FGF2 plus the FGF receptor inhibitor PD173074 (PD, 50 nM) . B, The lengths of longest neurites were measured in neurons from NCAM Ϫ/Ϫ mice, mock-transfected or transfected with NCAM140, NCAM180, or NCAM140 plus NCAM180, and maintained in the absence or presence of 12.5 ng/ml FGF2. Numbers in parentheses indicate the amount of transfected DNA (g). C, The lengths of longest neurites were measured for neurons from NCAM Ϫ/Ϫ mice, mock-transfected or transfected with a combination of NCAM140 and NCAM180 wild-type/acylation-deficient forms (NCAM140⌬ and NCAM180⌬, respectively), and maintained in the absence or presence of 12.5 ng/ml FGF2. D, The lengths of longest neurites were measured in neurons from NCAM ϩ/ϩ mice and maintained in the absence or presence of 12.5 ng/ml FGF2. Some cultures were treated with a PKC inhibitor (PKCi, 50 M) or the inhibitor of fyn kinase PP2 (50 nM). Bars represent the means ϩ SEM (n ϭ 3). Statistically significant differences between genotypes are indicated (**p Ͻ 0.01, t test).
ulation in N2A cells transfected with DHHC-7 versus a mock control. Palmitoylation of NCAM140 and NCAM180 in DHHC-7 transfected N2A cells was elevated in the presence of FGF2 by 2.6 Ϯ 0.6-fold and 2.3 Ϯ 0.8-fold, respectively (Fig. 8 A, B) . These data indicate that the activity of DHHC-7 is regulated by FGF receptor signaling. We also tested whether palmitoylation of NCAM by overexpression of DHHC-7 could mimic the effects of FGF2. Indeed, overexpression of DHHC-7 increased the length of neurites in wild-type but not in NCAM-deficient hippocampal neurons, and this increase occluded the effects of FGF2 (Fig. 8C) , supporting the view that palmitoylation of NCAM is linked to neurite outgrowth and thus to the FGF receptor function. Transfection of neurons with DHHC-8, which did not stimulate palmitoylation of NCAM (Fig. 7 B, C) , had no influence on neurite outgrowth (Fig. 8 D) .
Discussion
Palmitoylation and neurite outgrowth Protein palmitoylation represents a common lipid modification of proteins involved in neurite outgrowth and axon guidance. These include the growthassociated protein GAP-43, paralemmin, G-proteins, signaling proteins such as fyn and the small GTPase Ras, and cell adhesion molecules, such as NCAM, axon guidance receptor deleted in colorectal cancer (DCC), and neurofascin (for a recent review, see Huang and El-Husseini, 2005) . Disruption of DCC palmitoylation prevents DCC association with lipid rafts and abolishes netrin-1-mediated axon guidance (Hérincs et al., 2005) . For the integrin-tetraspanin cell adhesion molecule complex comprising CD9, CD81, and CD63, palmitoylation is required for the formation of tetraspanin-enriched microdomains, which provide a platform for regulation of integrin-dependent adhesion (Yang et al., 2004) . Palmitoylation of the L1 family cell adhesion molecule neurofascin targets it to a specialized fraction of lipid rafts (Ren and Bennett, 1998) . In the present study we demonstrate that NCAM140 and NCAM180 are covalently modified by thioester-linked palmitic acid. We also show that FGF2-dependent palmitoylation of NCAM promotes its translocation into lipid rafts and is required for FGF2-stimulated neurite outgrowth.
Synergistic actions of NCAM and FGF receptor
During nervous system development, short-and long-range signals cooperate to promote axonal growth, guidance, and target innervation. Whereas short-range signals act via direct contact between cells or the extracellular matrix, long-range signals require diffusion and concentration gradients of messenger molecules, which are then integrated by receptors on distant target cells. These short-and long-range intercellular signaling pathways involve distinct sets of cell surface molecules coupled to different intracellular signaling cascades. The two signaling pathways may be interconnected, because the short-range receptor NCAM directly interacts with the long-range receptor for FGF (Saffell et al., 1997; Cavallaro et al., 2001; Anderson et al., 2005) . Additionally, polysialylated isoform of NCAM may form a complex with heparan sulfate proteoglycans (Storms and Rutishauser, 1998) , which have been suggested to potentiate FGF receptor signaling. The functional interplay between NCAM and the FGF receptor has been shown to be critical for NCAMdependent neurite outgrowth and synaptogenesis (Saffell et al., 3 H]Palmitate labeling was assessed by densitometry of fluorograms relative to protein levels estimated by immunoblotting. B, C, The value for cells not cotransfected with any DHHC was set to 1. Bars represent means ϩ SEM (n ϭ 3). The statistically significant difference between nontransfected and transfected groups is indicated (**p Ͻ 0.01, t test).
1997; Niethammer et al., 2002; Dityatev et al., 2004) . Here, we show that the functional influences are reciprocal, because FGF receptors regulate palmitoylation of NCAM and palmitoylated NCAM is necessary for FGF2-stimulated outgrowth. The synergistic actions of NCAM and FGF receptors may be important for integration of signaling via short-distance and long-distance navigational cues by growing neurites. It is noteworthy in this respect that glial cell line-derived neurotrophic factor (GDNF) can directly bind to NCAM140 and GDNF-mediated neurite outgrowth of hippocampal neurons is impaired either by antibodies binding to the extracellular domain of NCAM or in neurons isolated from NCAM deficient mice (Paratcha et al., 2003) . Furthermore, GDNF-stimulated synaptogenesis is partially reduced in cultured hippocampal neurons from NCAM deficient mice (Ledda et al., 2007) and signaling via receptors of brain-and platelet-derived neurotrophic factors, BDNF and PDGF, depend on polysialylated NCAM (Muller et al., 2000; Zhang et al., 2004) . Thus, NCAM is at the crossroad of several signaling cascades activated by long-distance cues. The novelty of our present findings is that the interplay between a long-range messenger, FGF2, and the short-range signal transducers NCAM140 and NCAM180 is mediated by FGF2-regulated palmitoylation of these molecules.
FGF2 activates FGFR1-4 receptors (Mason, 2007) . Analysis of the crystal structure of the FGFR1 tyrosine kinase domain revealed that PD173074, used in the present study to verify involvement of FGF receptors, fits the hydrophobic, ATPbinding pocket of the receptor (Mohammadi et al., 1998) . Several studies indicate that PD172074 inhibits multiple FGF2-mediated responses via all major subtypes of FGFRs (Bansal et al., 2003; Grand et al., 2004; Ezzat et al., 2005) . Thus, potentially any of FGFR1-4 may mediate the studied effects of FGF2 and it remains to be identified which FGFR subtypes signal to activate palmitoylation of NCAM.
NCAM140 and NCAM180 cooperate in FGF2-stimulated neurite outgrowth
Previous studies revealed that although both NCAM140 and NCAM180 can interact with FGF receptors, only NCAM140 signals independently of FGF receptors by activating fyn/FAK signaling. A possible explanation for this specificity could be that some conformational constraints in NCAM180 prevent its interaction with fyn (Beggs et al., 1997; Kolkova et al., 2000; Niethammer et al., 2002) . Because NCAM140 may activate both FGF receptor and fyn signaling pathways, it alone is sufficient to stimulate NCAM-mediated neurite outgrowth (Niethammer et al., 2002) . In contrast, here we find that FGF2-stimulated neurite outgrowth requires both NCAM140 and NCAM180 (at least in the range of protein concentrations studied), which both must be palmitoylated. The need for palmitoylation of NCAM180 may be related to NCAM180-dependent accumulation of active PKC/␤1 spectrin complexes in lipid rafts. This notion is supported by two studies demonstrating that NCAM180 coimmunoprecipitated with spectrin with higher efficiency than NCAM140 or NCAM120 (Leshchyns'ka et al., 2003) and that the association between NCAM180, spectrin, PKC, and GAP-43 is important for neurite outgrowth of hippocampal neurons (Korshunova et al., 2007) . Thus, the cytoskeletal protein spectrin may be an additional partner in association with NCAM180 to support FGF2-stimulated neurite outgrowth. 3 H]palmitate in the presence of either vehicle or FGF2 (50 ng/ml) and subjected to immunoprecipitation with anti-NCAM antibody, SDS-PAGE, and fluorography. Representative fluorogram (6 weeks exposure) of three experiments is shown. C, D, The lengths of longest neurites were measured in hippocampal neurons transfected with either DHHC-7 (C) or DHHC-8 (D) and maintained in the absence or presence of 12.5 ng/ml FGF2. Bars represent means ϩ SEM (n ϭ 3). Note that DHHC-8 does not stimulate neurite outgrowth of NCAM ϩ/ϩ neurons, whereas DHHC-7 stimulates neurite outgrowth of NCAM ϩ/ϩ but not NCAM Ϫ/Ϫ neurons (*p Ͻ 0.05, t test).
